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AB　STRACT
This　paper　discusses　a　theoretical　phase－control　design　strategy　fbr　idle　shake　affected　by　an
arrangement　of　a　powerplant　on　transversely　mounted　Front　engine　Front　Wheel　Drive
（FWD）passenger　cars．　There　are　two　types　ofpowerplant　arrangement　fbr　FWD　cars
heading　up　to　the　North　in　the　top　view．　One　ofthem　is　a　typical　”east－west　arrangement”，
which　allows　the”f錐ont”　ofthe　engi血e　to　be　placed　to　the　right　or”east”，　and　the　”rear”ofthe
engine　that　is　to　mate　to　the　trartsmission　to　be　placed　to　the　left　or　”west”（Fig．1）．　Another
one　is”west－east　arrangement”，　where　the　engine　is　positioned　to”west”，　and　the　transmission
is　positioned　to　”east”（Fig．2）．　In　general，　a　dynamic　damper　like　a　radiator　supported　by　a
rubber　bush　built．in　the　front　end　of　the　engine　comparment　is　widely　believed　to　reduce　a
gain　of　FRF（Frequency　Response　Function）at　resonant　frequency．　In　addition　to　that，　it
becomes　clear　in　this　paper　that　the　dynamic　damper　has　an　additional　phase－shift　effect
between　the　two　FRFs．　That　is　to　say，　the　two　vector　responses　ofthe　body　vibration　caused
by　the　two　excitation　fbrces，　which　are　the　roll　moment　and　the　vertical　fbrce　ofthe　engine，
cancel　each　other　and　the　resultant　vector　becomes　so　small．　In　this　ma㎜er，　the　powerplant
arrangement　affects　idle　shake　deeply　correlating　with．the　phase－control　design。
Acombination　ofthe　East－West　arrangement　and　a　2nd　order　balancer－less　engine　is　the　best
design　for　idle　shake　of　the　2”d　order　harmonics。　On　the　contrary，　a　combination　ofthe　West－
East　arrangement　and　a　balancer－less　engine　is　the　worst　design．　　　　　 　　　　　　　　　　　　　　　 　　　　 　　 　　　　　　　　　　　　　　　　　 　　　　　　If the engine　is　equipped
with　2”d　order　1）alance　shafts，　idle　shake　is　estirnated　to　be　middle　between　them，　regardless　of
the　powerPlant　arrangement．
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Fig．1　East－West　ArrangementFig．2　West－East　Arrangement
rNTRODUCTION
An　FWD　car，　which　has　a　transversely　mounted　powerplant，　has　an　advantage　ofvoluminous
passenger　compartment　without　a　huge　backbone　for　a　propeller　shaft　and　a　tran．smission．
And　power－transmission　efficiency　of　all　spur　gears　is　so　superior　to　that　of　a　hypoid　gear
employed　by　the　North－South　arrangement．　So　the　transversely　moullted　powerplant
arrangement　is　employed　by　many　compact　car　designs．
However，　the　engine　vibration　isolation　becomes　poor，　because　the　engine　mo皿t　rubber
stiffaess　is　so　high　to　support　a　reaction　torque　oftires．　Furthermore，　the　engine　roll　mode　is
similar　to　the　body－bending　mode，　and　thus　excites　the　body　resollance　easily．　Especially　fbr
in－1ine　4－cylinder　engine，　the　excitation　frequency　in　idle　is　generally　close　to　the　body
bending　resonance　f｝equencies．　So，　carefU1　idle　shake　design　must　be　given　to　FWD　cars．　In
general，　global　body　stifthess　and／or　steering　column　stiffhess　is　designed　high，　or　a　radiator
supported　by　a　rubber　bush　becomes　a　dynamic　damper　to　suppress　the　body　bending
resonance［1］．　However，　there　seems　to　be　few　theories　to　treat　the　phase　control　design．
strategy　so　far．　This　paper　fbcuses　on　a　synergistic　effect　that　can　be　seen　betWeen　the
powerplant　arrangement　and　the　dynamic　damper　by　looking　into　phase　behaviour　of　idle
shake　’盾氏@the　2nd　order　harmonics　ofthe　engine　excitation　forces．
NOMENCLUTURE
　　Bold　symbols　nnean　Complex　vectors．
　　Suffix‘‘m”means　dof　ofrotation．　Suffix‘‘v”　means　dof　ofvertical　translation．
　　The　all　symbols　are　fUmction　of　frequency　depends　on　an　engine　speed．
Fm：2”d　order　excitation　roll　moment　ofengine
Fv：2nd　order　excitation　vertical　fbrce　ofengine
τm：moment　transmissibility　of　powerplant　and　engine　mount
τ，：　force　transmissibility　of　powerplant　and　engine　mount
脇：moment　FRF　ofvehicle　body　ffom　engine　compartment　to　seat　anchorage
hv：force　FRF　ofvehicle　body　from　engine　compartment　to　seat　anchorage
φ沈：phase　angle　ofthe　moment　FRF
φv：phase　angle　ofthe　fbrce　F】固F
］Ym：body　response　on　the　seat　anchorage　excited　by　the」FTm
Yv：body　response　on　the　seat　anchorage　excited　by　the　Fv
IDLE　SHAKE　MODEL
Fig。1　and　F　ig．2　show　a　powerplant　arrangement　that　is　stUdied　in　this　paper．
To　tum　the　head　ofthe　vehicle　to　the　north，　the　engine　is　placed　to　the　east　and　the
transmission　is　placed　to　the　west　that　is　the　East－West　arrangementr　On　the　other　hand，　the
West－East　arrangement，　which　is　infrequently　used　term　though，　means　that　the　engine　is
placed　to　the　west，　and　the　transmission　is　placed　to　the　east．　The　rotation　direction　of　the
crankshaft　is　fixed　to　be　clockwise　in　the　front　view　of　the　engine。　Then，　the　rotation　ofthe
crankshaft　in　the　vehicle　coordinate　system　depends　on　the　poweq）lant　arrangements．
In　genera1，　natUral　frequencies　ofthe　global　vehicle　body　bending　resonance　coincide　with　the
2”d　order　frequency　range　of　idle　speed．　Therefbre，　a　radiator　equipped　in　an　engine
compartment　is　generally　supported　by　a　rubber　bush　that　works　as　a　dynamic　damper　to
supPress　the　body　resonance．
On　the　West－East　arrangement，　the　crankshaft　rotates　clockWise　in　the　left　side　view　o　f　the
vehicle（Fig．2）．　The　in－line　4－cylinder　engine　is　not　equipped　with　2”d　order　balance　shafts．
The　engine－№?獅?窒≠狽?刀@the　2”d　order　excitation　forces　that　are　roll　moment　around　the
crankshaft　and　vertical　translation　force　along　the　cylinder　axes．　Amplitude　ofthe　vertical
fbrce　depends　on　a　reciprocating　mass，　crank－radius，　and　connecting－rod　length．　And
amplitude　ofthe　roll　moment　depends　on　dominantly　combustion　pressure．　The　roll　moment
and　the　vertical　fbrce　generate　two　vibration　responses　ofthe　body．　The　two　vector　vibration
responses　are　summed　up　to　be　a　resultant　response　in　conceming　with　the　phase．　In　an　easy－
to－understand　way，‘‘Principal　Vector　Approach”［2］is　employed．　This　approach　is　to
degenerate　the　engine，　the　engine　mount　and　the　body　that　have　muki　degrees　of　freedom　to
the　simple　tWo　degrees　of　freedom，　which　mean　roll　and　vertical．　On　this　approach，　the　body
is　represented　by　two　FRFs，　which　are　roll　hm　and　venical　hv．　And　the　engine　mount　system
is　supposed　to　be　decoupled．　So　the　transmissibility　of　the　engine　mount　system　becomes　two
simple　formulae　i　m　and　i　v．
Then，　the　following　eXpression　represents　the　resultant　body　response　Y　at　seat　anchorage。
y－Ym＋Yv－
o；｝τ閻｛ξ｝ （1）
ENGrN［E　EXCITATION　FORCES
Since　the　load　of　an　engine　in　the　idle　Drive－range　is　more　significant　than　that　in　the　Neutral－
range，　roll　exitation　moment　ofthe　engine　in　the　Drive－range　is　more　significant　than　that　in
the　Neutral－range　as　well．　Therefbre，　Drive－range　is　the　most　important　design　condition　fbr
practical　use；for　example　waiting　for　a　traffic　signal　to　change　during　urban　driving．　So　in
this　paper，　the　roll　moment　Fm　is　measured　in　Drive－range　idle　condition．　If　the　powerplant
arrangement　is　changed廿om　the　West－East　to　the　East－West，　the　phase　ofthe　roll　moment
tums　over，　then　the　sign　ofthe　roll　moment　wil1　be　negative．　　　　　　　－
Aroll　moment　in　W－E：Fm
Aroll　moment　in　E－W：－Fm
note：Venical　trartslation　force　Fv　doe．s’nt　change　regardless　of　the　powerplant　arrangement．
ExampIS：ofthe　excitation　force　and　roll　moment　are　illustrated　in　Fig．3．
ENGINE　MOUNT　TRANSMISSIBILITY
Generally　a　rigid　system　supported　by　a　resilient　material　has　six　degrees　of　freedom，　but　a
common　design　strategy　of　engine　mount　is’”decoupling”　and　the　decoupling　system　is　widely
employed　in　a　great　portion　of　automobiles　ofthe　world．　Therefbre，1－DOF　system　fbr
vertical　and　roll　direction　is　assumed　to　estimate　the　transmissibility（Fig．4）．
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Fig．3　Roll　moment　and　vertical　force
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　 Fig．4　Moment　and　fbrce　transmissibility
■ ‘
」
、
〆
7
、
、
　’f も 6 7 8●
　　　●?獅№高 speed
、　● （x1 m）
ふ
、
、 、
BODY　VIBRATION　CHARACTERISTIC　S
The　fbrce　FRF　is　obtained　by　a　traditional　excitation　test．　However，　the　moment　FRF　isn’t
defined　in　general．　Accordingly　a　local　rigidity　in　the　engine　compartment　is　to　be　assumed
by　the　reference　paper［2］as　Fig．5．　Then　the　moment　FRF　and　the　force　FRF　ofthe　body　are
measured　and　illustrated　as　Fig．6．　It　is　well　known　that　if　the　radiator　is　serving　as　a　dynamic
damper，　a　crest　gain　ofthe　FRF　decrease．
In　this　paper，　the　phase　behaviour　should　be　focused　on．　Without　the　dynamic　damper，　phase
difference　betWeen　hm　and　，hv　is　so　small．　On　the　contrary，　with　the　dynamic　damper，　the
phase　difference　betWeen　them　is　increased　as　illustrated　in　Fig．6．　The　measured　phase
difference　reaches　45　degrees　maximum，　so　the　final　body　response　will　be　affected　by　this
phase　behaviour．
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Fig．5　Real　car　vibration　modelFig。7　Simple　beam　vibration　model
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Fig．6　Real　car　hm（≡AIM），　and　hv（≡．4／F）Fig．8　Simple　beam　hm，　and　hv
SIMPLE　BEAM　VIBRATION　CHARACTERISTICS
The　former　measured　characteristics　should　be　certified　to　be　general．　Then，　a　simple　beam
vibration　model　is　given　as　illustrated　in　Fig．7．　The　virtual　radiator　dynamic　damper　is
installed　on　the　simple　beam，　which　has　the　same　resonant　frequency，　and　the　moment　and　the
force　FRFs　are　computed　by　Finite　Element　Model（FEM）in　the　same　method　as　fomier
chapter．
There　was　little　phase　difference　between　the　FRFs　without　a　dynamic　damper．　However，　a
phase　difference　with　a　dynamic　damper　was　more　than　90　degrees，　alld　brought　the　same
tendency　as　the　actually　measured　value（Fig．6　and　8）．　Therefbre，　the　result　ofthe　FRF
measurement　ofthe　former　chapter　has　generality．
t
ESTIMATION　OF　BODY　VIBRATION
Two　parameters　for　the　estimation　are　the　poweq）lant　arrangement　and　the　radiator　dynamic
damper．　Principa1　Vector　Approach　．　is　applied　to　estimation　ofbody　vibration　with　4　cases．
As　a　result，　combination　ofthe　East－West　and　a　radiator　dynamic　damper　is　the　best　selection
to　minimize　the　body　vibration　Y（Fig．9）．
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Fig．9　Estimated　body　vibration　Y　at　seat　anchorage
COMPLEX　VECTOR　PLANE
At　690rpm（23Hz）on　the　above　Fig．9，　the　amplitude　and　the　phase　are　displayed　on　a　complex
plan　from　Fig．10to　F　ig．13．　The　figures　on　the　right　show　engine　excitation　forces　Fm　and　Fv。
The　figures　at　the　center　express　moment　FRF乃醜and　fbrce　FRF乃，　ofthe　body．　The　figures
on　the　left　show　the　sum　of　the　two　vectors，　which　are】Zm　and　Yv，　to　become　Y．
Transmissibilityτis　to　be　O．23　that．is　derived　ffom　the　Fig．4　at　23Hz．
Incidentally，　the　magnitude　comparison　between　the　two　vectors，」Fm　and　Fv，　or煽and乃ッ，　has
no　meaning，　since　the　dimensions　are　different．
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Fig．10　West－East　without　dynamic　damper，　at　690rpm（23Hz）
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Fig．11　West－East　with　dynamic　damper，　at　690rpm（23Hz）
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Fig．12　East－West　without　dynamic　damper，　at　690rpm（23Hz）
　　　　　加●●烏■●●●●　　■■●■●
加2
　　　　　　　　　　　　　　　　　　　　　　　　　　　　hv
　　　　　　　　　＝　　　　　　　　　　　　　　　　　×0．23×
　　　　　　　　　　　　　　　　　　　　　　　　　hm　　　　　　r
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Fm
Fig．13　East－West　with　dynamic　damper，　at　690rpm（23Hz）
Fig．10　shows　the　West－East　arrangement　without　the　radiator　dynamic　damper：
Body　vibration　response】；m　derived　ffom　Fm　and　body　vibration　response　Yv　derived　ffom　Fv
tend　to　build　up　a　magnitude．　Then，　the　body　vibration　y　is　the　maximum　in　these　4　cases．
、
Fig．1　1　shows　the　West－East　arrangement　with　the　radiator　dynamic　damp　er：
Even　though　the　magnitUde　ofthe　FRF　is　reduced　by　the　dynamic　damper　effect，　the　phase
shift　ofhm　offsets　the　phase　shift　ofFm，　so　that　a　little　effect　of　reduction　of　Y　is　expected．
Fig．12　shows　the　East－West　arrangement　without　the　radiator　dynamic　damper：
Since，　the　roll　moment　Fm　ofthe　engine　goes　in　an　opposite　direction，　the　phase　ofthe　body
vibration　response】Ym　becomes　open　to　Yv，and　they　tend　to　cancel　each　other．
Fig．13　shows　the　East－West　arrangement　with　the　radiator　dynamic　damper：
Since，　the　phase　shift　ofthe　moment　FRF　hm　adds　the　phase　shift　ofthe　roll　moment　Fm，Yv
becomes　to　face　nealy　opposite　to】Ym．　Therefbre，　both　are　cancelled，　and　the　vector　sum　Y
much　decreases．　Then，　the　body　vibration　Y　is　the　minimum　in　these　4　cases。
MEASUREMENT　OF　B　ODY　VIBRATION
Fig．14　shows　a　comparison　ofbody　vibration　in　real　production　cars　between　the　West－East
arrangement　and　the　East－West　arrangement　which　is　employed　by　new　model．　The　seat
anchorage　vibration　of　the　East－West　is　lower　than　the　West－East　by　approximately　6dB。
Then　the　former　estimation　can　be　certified．
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Fig．14　Measured　body　vibration　Y　at　seat　anchorage
CONCLUSION
With　respect　to　the　powerplant　arrangements　of　in－line　4－cylinder　gasoline　engine　on　an　FWD
car，　theoretical　approach　of　idle　shake　was　canied　out．　And　vibration　ofreal　car　at　seat
anchorage　was　measured　comparing　betWeen　the　East－West　and　the　West－East．
As　a　result，　the　following　conclusions　were　obtained．
1）A　radiator　dynamic　damper　shifts　a　phase　difference　betWeen　a　moment　FRF　and　a　force
FRF．　Therefbre，　a　vector　sum　ofthe　body　vibration　responses　becomes　small．
2）Ifa　crankshaft　rotation　direction　is　clockWise　in　the　front　view　of　an　engine，　the　best
arrangement　ofpowerplant　is　the　East－West．
DISCUSSION
Ifthe　engine　is　equipped　with　2”d　drder　balance　shafts，　idle　shake　is　estimated　to　be　middle
between　the　East－West　and　the　West－East，　regardless　ofthe　powerplant　arrangement．
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